We report the finding of the Wolitu Pb-Zn deposit in Inner Mongolia, China, through a series of geochemical surveys. The Wolitu area, located in the loess-cover area in the Hure Banner, Tongliao City, Inner Mongolia, and neighboring the Horqin Sandy Land to the north, had no previous history of Pb-Zn mining or record of Pb-Zn mineralization. Our study identified a large Pb-Zn anomaly with potential zones of mineralization by stream sediment survey. Random rock sampling reveals limonitization at sporadic outcrops in the gullies. The high concentrations of Pb in the residual debris provided guidelines to fix the position for exploratory trench. Oxidized concealed orebodies were identified by trenching. Blind orebodies in veins hosted within the structural zone between slates and marbles of the upper Carboniferous Shizuizi Formation and the Permian granite were discovered by drilling. It is computed that the ore reserve may reach up to 540,000 tones with Pb grade of 1.27% and Zn of 1.9%. This case study is an excellent example for identifying potential polymetallic deposits in loess covered terrains using geochemical exploration.
Introduction
Loess is mainly defined as an aeolian dust deposit which experienced loessification, resulting in loess-like aggregation (Sprafke and Obreht, 2016) , which covers more than 10% of the Earth's surface, mainly in the temperate zone (Pécsi and Richter, 1995; Pye, 1995; Muhs and Bettis, 2003) . About 630,000 km 2 of loess cover the land area of North China, including part of the Inner Mongolia region. The thickness of loess cover ranges from less than 50 m to over 200 m (Ren et al., 1995) . Loess cover poses a challenge to exploration strategies using geochemical and mineralogical characteristics of surface samples (Cohen et al., 2010) , where a routine geochemical survey may not yield any desirable results (Ren et al., 1995; Wang et al., 2015 Wang et al., , 2016 .
Hence, some special techniques, such as MMI, enzyme leaching, MOMEO leaching, and electrochemical extraction (CHIM), have been used to discover weak geochemical information from concealed metal mineralizations (Bajc, 1998; Mann et al., 1998; Wang, 1998; Luo and Zhou, 2004; Kang, 2009; Sun et al., 2011) . However, no significant advances have been achieved in mineral exploration in loess cover areas (Wang et al., 2015) .
China's National Geochemical Mapping Project (Regional Geochemical-National Reconnaissance, RGNR project) was initiated in 1979 (Xie et al., 1989a) , which has now covered more than 6 Â 10 6 km 2 of China's territory, with the exception of a large area of loess-covered area in China (Xie et al., 2012) . The study area of Wolitu is located in the loess-cover area in the Hure Banner, Tongliao City, Inner Mongolia (Wang et al., 2007; Lin et al., 2013) . Eolian loess is widely distributed in this region, with only sporadic bedrock outcrops (Teng and Shen, 1995) , which deter the observation of the geological relationship and mineralization. Therefore, only few exploration works were carried out in this area. A regional geological survey at a scale of 1:200,000 and a gravity survey at a scale of 1:1,000,000 were conducted in 1971 and 1975 respectively, and the results show little prospecting potential in this area (BGM, 1991) . However, in 2000, a geological survey at a scale of 1:50,000 delineated a prospective area for quartz vein-type tungsten deposits and a small-sized wolframite deposit at Zhaojiawanzi (Fig. 1) . However, the survey did not provide any indication of polymetallic deposit.
There are many loess gullies in the loess-covered area (Gao et al., 2016) . In general, these gullies have little stream sediments. However, stream sediments could be observed in the gullies in this study area. These sediments might have originated from the weathering of bedrock in the gullies or under the loess cover. Stream sediment surveys have been proved to be effective technique in geochemical exploration for ore deposits (Xie and Ren, 1991; Nieder et al., 2014; Yilmaz et al., 2015) . Thus, a systematic sampling of the sediments in the gullies was attempted. A pilot survey was conducted by the Institute of Geophysical and Geochemical Exploration (IGGE) of the Chinese Academy of Geological Sciences (CAGS) in an area of 1350 km 2 . The stream sediment samples were collected at a density of 4e8 samples/km 2 , which yielded 26 significant anomalies. A significant Pb-Zn anomaly from a loess-covered area in the Wolitu area was identified as an exploration target for Pb-Zn mineralization.
To evaluate the economic prospect of the Pb-Zn geochemical anomalies, a series of geochemical exploration techniques were employed to fix the target area by stepwise increasing in the sampling density. Rock samples from the selected areas of the gullies (below the stream sediment anomaly areas) and residual debris samples (under the loess cover) were collected. This study reports the results from the geochemical survey leading to the identification of a new large Pb-Zn polymetallic deposit, located at Wolitu in a loess-covered area of China. This report could be a turning point for mineral exploration strategies in the Wolitu region, especially for polymetallic deposits.
Description of the study area

Geological setting
The study area forms part of the Xing-Meng orogenic belt at the northern margin of the North China Craton (Fig. 1) (BGM, 1991) , and is located at the intersection between the EW-trending ChifengKaiyuan fault and the Aohan synclinorium. Two sub-fault systems are developed in the area: one runs in the EW direction and the other in the NE direction. The Paleozoic upper Carboniferous Shizuizi Formation consists of a set of slightly metamorphosed marine facies argillo-arenaceous carbonate. The lower sequences consist of tuffaceous silty slate, silicified argillaceous slate, argillaceous slate, and phyllitic argillaceous slate, with a thickness of nearly 770 m. The upper strata consist of thick layered marble intercalated with gray to grayish black crystalline limestone and tuff. The Carboniferous Shizuizi Formation is the major ore-controlling strata of PbZn orebodies, with a thickness of 1300 m.
The unconformably overlying lower Cretaceous Yixian Formation consists of a set of rhyolitic porphyry, dacitic porphyry, rhyolite, dacite intercalated with a small amount of thin-layered or lensshaped brecciated tuff and volcanic breccia. The upper Pleistocene Wuerji Formation consists of eolian loess widely distributed in piedmont slopes and river valleys. The Holocene consists of eolian loess in slopes, and a colluvial soil, alluvial and diluvial gravel and sandy soil in valleys (BGM, 1991) (Fig. 2) .
Magmatic activity led to the formation of intrusive rocks such as Permian biotite granite and Cretaceous fine-grained biotite granite. The intrusions extend in NE and NNE directions controlled by the regional structures (BGM, 1991).
Landscape features
The study area is located in the loess overburden landscape terrain of Inner Mongolia, China, neighboring the Horqin Sandy Land to the north, with widespread eolian loess covering the bedrock (BGM, 1991; Teng and Shen, 1995) (Fig. 2) . The thickness of loess cover is generally between 0.5 and 25 m. Figure 2 . Geological map of the study area with a stratigraphic section.
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and 3). Because the particle size of loess in this area is less than 0.25 mm (60 mesh) (Zhang et al., 2008) , the coarse fraction sediments from 4.75 to 0.42 mm (4e40 mesh) was collected to minimize dilution by loess (Ren et al., 1984; MLR, 1991; China Geological Survey, 2006) . Most of the sampling points were located in streams with a total length exceeding 300 m. Each sample was a composite of 5 sampling points in the river bed (Ren et al., 1984; Xie et al., 1989a; MLR, 1991; Xie and Ren, 1991; China Geological Survey, 2006) .
Residual debris sampling
Delineating geochemical anomalies in weathered rock and residual soil is one of the popular and successful methods for geochemical prospecting (Hawkes and Webb, 1962; Pwa et al., 1999) . Thus, residues under loess were selected as effective sampling materials for determining the source of stream sediment anomalies in this area. The residues represent the weathered bedrock debris at the interface between the eolian loess cover and bedrock. Sampling of residual debris was implemented in the concentration center of multi-elements of Pb-Zn-Cu-Ag in an area of 6 km 2 delineated by stream sediment surveys. Samples were collected at a density of 1 sample per 100 m Â 50 m grid (equal to a density of 210 samples/km 2 ). If the thickness of the loess cover was less than 0.5 m, samples were collected from 0.5 m under the surface by a shovel. If the thickness of the loess cover was more than 0.5 m, a special sampler named Luoyang shovel, originally explored by tomb raiders was used to take samples. To minimize the influence of the eolian loess, the coarse fractions from 4.75 to 0.42 mm (4e40 mesh) was collected (Ren et al., 1984; MLR, 1991; China Geological Survey, 2006) . A total of 1260 residual samples were collected. (MLR, 1991 (MLR, , 1994 China Geological Survey, 2006) . All samples were air-dried indoor and sieved into 4.75 to 0.42 mm (4e40 mesh) using a set of nylon screens. Samples were analyzed at the Geochemical Analytical Center of the Institute of Geophysical and Geochemical Exploration (IGGE), China. After pulverizing to a grain size <0.074 mm (200 mesh) using an agate mortar, Pb, Zn, Ag, Cu, As, Sb, Hg, Bi, Mo and W were determined.
Bi, Cu, Mo, Pb, W and Zn were determined by inductively coupled plasma-mass spectrometry (ICP-MS); As, Sb and Hg by atomic fluorescence spectrometry (AFS); and Ag by emission spectrometry (ES) (MLR, 1991 (MLR, , 1994 China Geological Survey, 2006) . The detection limit was Ag 0.02 ppm, Hg 0.002 ppm, As 0.2 ppm, Bi 0.05 ppm, Cu 1 ppm, Mo 0.2 ppm, Pb 2 ppm, Sb 0.1 ppm, W 0.3 ppm, Zn 2 ppm, respectively.
Assessment of data quality
The analytical procedures followed those in the RGNR guidelines (Xie et al., 1999) . A set of certified reference materials (CRMs) including GSD10, GSD9, GSR2 (Xie et al., 1985 (Xie et al., , 1989b , GSD1a (Wang et al., 2000) ; GSS1, GSS2, GSS3 and GSS8 (Xie et al., 1985 (Xie et al., , 1989b developed by IGGE, about equal to 8% (Ye and Jiang, 2004; Ye and Yao, 2004) of the total samples in number, were inserted randomly into each batch of 50 samples and analyzed along with field samples (Xie, 1995; Ye, 2002; Zhang et al., 2012; Lancianese and Dinelli, 2014; Cheng et al., 2015) . The relative error (RE) to monitor the between-batch bias and percent relative standard deviation (RSD) to assess the analytical precision were then calculated as:
where C d is the determined concentration and C r is the certified reference concentration. The analyses were considered acceptable if the absolute value of RE was 50% for samples with concentrations within three times the detection limit and 35% for samples with concentrations more than three times the detection limit (MLR, 1991 (MLR, , 1994 China Geological Survey, 2006) . If the absolute REs fell outside these limits, the batch samples would be analyzed again.
The analyses were considered acceptable if the RSD was 40% for samples with concentrations within three times the detection limit and 25% for samples with concentrations more than three times the detection limit.
The certified and determined values of the CRMs for the study elements are listed in Supplementary Table 1. Duplicate samples (equal to 5% of the total number of samples) were randomly inserted to evaluate the precision of the analyses. The percent relative deviation (RD) was calculated as follows:
where C 1 is the first determination, and C 2 is the second determination. Analyses were considered acceptable if the RD was between À40% and 40%.
All the elements in all duplicates have a range from À10.476% to 11.867%, indicating a reliable duplication.
Data processing
A normal distribution test was done on raw data of each element. If the raw data followed the normal or lognormal distribution, the mean and standard deviation (SD) of raw data were calculated. The threshold value for each element was defined as the mean value plus two standard deviations. If the raw data did not conform to the normal or lognormal distribution, the extreme outliers exceeding three times the standard deviations were removed from the geochemical data iteratively until all the remaining data fell within the range of the three standard deviations and met approximate normal distribution. A new data-set composed by the remaining data was obtained. The mean values, as the background values of elements, were calculated using the remaining data.
The threshold value of each element used in this paper was defined as the background value plus two standard deviations. The contour maps for the elements were prepared using the kriging method available in Surfer 8.0 (Golden Software Inc., Colorado). Table 1 presents the summary data of the background values, standard deviations, and threshold values of the anomalies of stream sediment survey and detailed residual debris survey in the study. 
Results
Anomalies delineated by regional stream sediment survey
Geochemical anomalies of Pb, Zn and Ag, with thresholds of 37 ppm, 135 ppm and 0.2 ppm, respectively (Table 1) , were delineated by stream sediment survey at the Wolitu area. Anomalous areas are dominated by high concentrations of Pb and Zn, accompanied by Ag, As, Bi, and W, covering an area of 13.50 km 2 (Fig. 3) .
The maximum concentration values of Pb, Zn and Ag is 598 ppm, 497 ppm and 0.64 ppm, respectively. The anomaly generally extends in the NE direction. Bi and W are concentrated in the center, overlapped by Pb, Zn, Ag, and surrounded by As.
Stream sediment anomalies verified by rock samples
As part of the initial anomaly verification stage, oxidized sulfide outcrops were observed in the gullies near the Pb anomaly, and 73 altered and mineralized rock samples were collected (Fig. 4) . The analysis result shows that 10 samples contained Pb > 1000 ppm, 14 samples contain Zn > 1000 ppm, and 19 samples contain Ag > 1 ppm. This indicates that the anomaly is mainly caused by the mineralization of Pb, Zn and Ag.
Targets delineated by detailed residual debris sampling
Geochemical anomalies dominated by Pb were delineated by sampling of residual debris (Fig. 5, Table 1 ). The highest concentration of Pb overlaps with Zn, Ag, Cu, Bi, W, and is surrounded by As. The horizontal zonings of elements in the anomalies are distinct. From west to east, the anomalies of As, Ag, Pb, Zn, Cu, Bi and W are noted. These results suggest the possible existence of concealed Pb-Zn-Ag orebodies is below the composite anomalies of these elements.
The Pb anomaly includes geochemical anomalies of Pb, Ag, Zn, Cu, W, Bi and Ag, extending about 1.5 km like an elongated oval along the SeN direction. The maximum concentration of Pb, Ag and Zn is 35,295.3 ppm, 16.11 ppm and 6997 ppm, respectively (Table 1) . One anomalous concentration center of Pb, located in the middle of the survey area and marked as "Ac" in Fig. 5 , is the largest one in the area with the highest concentrations of Pb. The highest value 3.5% of Pb meets the standard for cut-off grade of Pb oxides orebody, which indicated a highly potential orebody under this anomalous concentration center of Pb.
Results of trenching and drilling
Trenching
Trenching program was used to confirm the potential orebodies under the anomalous concentration center of Pb ("Ac" in Fig. 5 ). Figure 6 . Trenching section and Pb concentration distribution.
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Trenching was carried to remove the loess cover above the rock. The exploratory trench was located in the sampling site of the highest concentration of Pb, and was perpendicular to the strike of strata. Twenty one section samples were collected along the trench. Among these, 5 samples with Pb concentration >5000 ppm were determined (Table 2) , exceeding the cut-off grade Pb sulfur orebody (5000 ppm). Trending direction of NW oxidized orebodies can be observed by compass in the bottom and two sides (the east wall and the west wall) of the exploratory trench. In this paper the spatial trend directions of these orebodies were not perpendicular to the two walls. In this case, the apparent thickness of the oxidized Pb orebody in the trench was defined as the distance between the boundaries of each Pb orebody appeared in the walls of the exploratory trench. Four sections of Pb orebodies were 1.0 m, 3.6 m, 0.4 m and 2.8 m in apparent thickness, respectively, with a total apparent thickness of about 7.8 m and southerly dip at 58 e85 (Fig. 6 ).
In the 4 segments (Fig. 6) , orebodies a and b show higher As and Ag concentrations and lower Mo and Bi concentrations, suggesting that these two segments were less denuded and the observed orebodies represent the upper part of the blind ore; while orebodies c and d have lower As and Ag and higher Mo and Bi concentrations, suggesting that these two segments were heavily denuded. It also implies that the observed orebodies c and d may extend to depth.
Drilling
Drilling was conducted to ascertain the characteristics of deepburied Pb-Zn orebodies under orebodies b, c and d observed in the exploratory trench. The attitudes of these orebodies show that they dip downward to the south underground. Therefore, the first drill hole (WZK01) was located 60 m from the southern end of the exploratory trench.
The drill hole (WZK01) was designed a straight one, with a depth of 200 m. According to the occurrence of the orebodies Figure 7 . Histogram of concentration of elements in drill hole WZK01.
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Eleven segments of galena orebodies were seen at the depths from 116.47 m (elevation: 312.53 m) to 205.23 m (elevation: 223.77 m), including 7 segments of Pb-Zn orebodies and a segment of Pb-Zn-Ag polymetallic orebodies, with a total thickness of about 50 m (Fig. 7) .
Following the finding of ores at depth in WZK01, systematic trenching and drilling lines were deployed every 100 m, and a total of 43 blind Pb-Zn orebodies were discovered. The typical exploration section of main orebodies is illustrated in Fig. 8 . The grades of the orebodies are stable, with little variance, and the controlled reserve has reached the large level with a metal reserve of 540,000 tones. The grades of main components are: Pb 1.27%, Zn 1.90%; and the grades of important associated components are: Ag 18.18 g/t, Cu 0.08%.
The Pb-Zn deposits at Wolitu occur in the contact zone between the Permian biotite granite and the slate and marble of the Carboniferous Shizuizi Formation. The main orebodies occur in the NE-trending fault fracture zone in the outer contact zone, strictly controlled by the NE-trending fault structure. The vein orebodies are hosted within the structural zone between slate and marble of the upper Carboniferous Shizuizi Formation and the Permian granite. Most of the Pb-Zn-hosting rocks are slate and marble. PbZn-hosting granite orebodies can only be seen at drill holes WZK38-5 and WZK40-1.
The metallic minerals in the ores are mostly galena, sphalerite and pyrite, followed by chalcopyrite and argentite. There are also a small amount of pyrrhotite, marcasite, arsenopyrite and bornite. The gangue minerals are dominantly calcite and a small amount of dolomite and quartz.
The mineralization-related alteration of the surrounding rocks was largely caused by the magmatic hydrothermal activities (i.e. hydrothermal alteration), including silicification, chloritization, epidotization, carbonatization and pyritization.
The surrounding rocks of the orebodies mainly include slate and marble of the upper Carboniferous Shizuizi Formation and the Permian biotite granite. The host rocks for the main orebody are slate and marble.
Magmatic intrusions of different periods provided heat source and materials for the formation of ores in the area, and structural pathways created favorable conditions for the enrichment of oreforming materials.
Based on an evaluation of the surrounding rock alteration, mineral composition, ore structure, magmatic and ore-controlling structures in the area, the deposit is confirmed to be a magmatic hydrothermal metasomatic vein-type Pb-Zn polymetallic deposit.
Discussion
Stream sediment sampling was used to delineate geochemical anomalies in the loess-covered terrain to explore covered deposits. The results show that sediment sampling in gullies, where the rocks were cut and eroded into the river bed by water, can effectively delineate geochemical anomalies. Large anomalies with high concentrations of Pb, Zn, Ag, W and Bi were observed spatially associated with the contact zone between the Permian biotite granite and the Carboniferous Shizuizi Formation at the crossing area of the EeW and NE-trending faults. It was inferred that the large Pb-Zn anomaly may indicate a favorable mineralization zone of ore deposits.
Random rock sampling from sporadic outcrops in the gullies near the anomalous concentration center of Pb was used to confirm the occurrence sources of potential mineralization of Pb, Zn and Ag. The results confirmed that the rock sampling were useful to indicate the occurrence sources of the anomalies.
Residual debris sampling at a high density is effective for reducing the target area and locating orebodies. The main anomalous concentration center is located at the western edge of the biotite granite body in the middle of the survey area, spatially associated with the contact zone between the Permian biotite granite and the marble, crystalline limestone, tuff, siltstone, carbonaceous slate and marl of the Carboniferous Shizuizi Formation, and located in the crossing area of the three faults in the study area. The highest concentration of Pb exceeds the cut-off grade of Pb oxides orebody. Epidote skarn boulders observed during field sampling provide a significant clue for the occurrence of a skarnization-related Pb-Zn orebody.
Based on these results, it is inferred that a blind orebody occurs under the highest concentration of Pb in the residual debris anomalous concentration center. Exploratory trench was carried out to remove the loess-covered layer and dig to the rocks. Oxidized orebodies was observed in oxidized rocks in the exploratory trench. After that, drilling was conducted to find the deep-buried Pb-Zn orebodies.
A series of geochemical exploration surveys were also conducted to delineate the blind Pb-Zn orebodies in the loess-covered area. Loess cover poses a challenge for geochemical exploration in this terrain, but the discovery of this large bind Pb-Zn deposit indicates that stream sediment sampling used in Regional Geochemical-National Reconnaissance (RGNR project) is effective in the Wolitu area. 
Conclusion
The discovery of the large Pb-Zn deposit of Wolitu in eastern Inner Mongolia using geochemical exploration techniques can be cited as one of the successful case studies of mineral exploration in loess-covered landscape terrains.
This study shows that stream sediment in the gullies can be used to effectively delineate geochemical anomalies. Random rock sampling from sporadic outcrops in the gullies can verify the stream sediment anomaly. Residual debris sampling can be conducted to locate the targets for trenching and drilling.
It is revealed that the grades of the orebodies are stable, with little variance, with an estimated metal reserve of 540,000 tones. The grades of main components are Pb 1.27%, Zn 1.90%, Ag 18.18 g/t and Cu 0.08%.
The Wolitu deposit was discovered by tracking the only one anomaly of the 26 anomalies delineated by the regional stream sediment survey. Thus it is believed that more deposits could be located during subsequent exploration programme.
